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Abstract
Purpose—The biodistribution of Lipid/Calcium/Phosphate (LCP) nanoparticles (NPs) in tumor-
bearing mice was investigated using fluorescence imaging. A quantitative validation of this
method was done by 3H and 111In labeling of the nanoparticles.
Methods—The biodistribution of LCP NPs containing oligonucleotides was investigated using
three different probes: Texas-Red labeled oligonucleotides, 3H-labeled oligonucleotides,
and 111In-labled calcium phosphate.
Results—A discrepancy was found between the radioactivity and the fluorescence signals.
Signals from 3H and 111In exhibited very similar distribution patterns, suggesting that liver and
spleen were the major accumulation sites. However, fluorescence imaging indicated that tumor
accumulation was predominant. We further confirmed that the fluorescence signals in both liver
and spleen were greatly attenuated compared with those in the tumor due to the intrinsic tissue
absorption and scattering. Near-infrared (NIR) dye Cy5.5 also suffered from the same problem, in
that the quantitative data from whole organs was dramatically affected by absorption and
scattering properties of the tissue.
Conclusions—Careful attention must be paid to the quantification and interpretation of
fluorescence imaging measurements when comparing different tissues.
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INTRODUCTION
The use of therapeutic macromolecules such as oligonucleotides has been intensively
studied for the treatment of several major disorders. A key issue for successful development
of these therapies is to understand and control the biodistribution of macromolecules (1).
Pharmacokinetics and biodistribution studies can provide invaluable information early in the
development. This importance has created a need for techniques that can analyze the
macromolecules qualitatively. Traditionally, biodistribution studies of macromolecules were
carried out in animals by measuring the radioactivity associated with the drugs (2,3). Mass
spectrometry methods have also been developed to study the biodistribution of drugs, which
allows for both quantification and identification of the analyte (4). Obviously, radioactive
compound is a potential health hazard and environmentally unfriendly. Synthesis and
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disposal of radioactive compound are expensive. For some isotopes with relatively short
half-lives, radioactivity decay is quite rapid and thus, the compounds lose their usefulness in
time. Mass spectrometry (MS) is now playing a central role in pharmacokinetics and
biodistribution studies. Advances in ionization methods, including electrospray ionization
(ESI) and matrix-assisted laser desorption/ionization (MALDI), have expanded the use
ofMS in investigatingmacromolecular drugs. However, successful MS measurement relies
on target molecule extraction/isolation from biological specimens, the procedure of which
can be complicated (5). Many labs still cannot readily access the resources and expertise
required for this method. In addition, mass spectrometry is an end-point measurement,
which lacks the ability to probe dynamic events in real time. In this circumstance,
fluorescence imaging is emerging as a popular modality to couple with the traditional
methods. Fluorescent dyes are conjugated to the drug to produce optical probes used in vivo
or ex vivo. This technology is relatively safe, low-cost and noninvasive. The key to effective
imaging, especially in deep tissues, is the use of fluorophores with a red or near infrared
(NIR) emission range (600–1000 nm), which corresponds to low photon absorption and auto
fluorescence in tissues. Biological chromophores, in particular hemoglobin, strongly absorb
visible light, thereby limiting the penetration depth to only a few millimeters. Other
biological components, such as water and lipids, are optically transparent from the visible to
the NIR range, but strongly absorb light in the infrared. The combined absorption of these
components translates into this optical imaging window of approximately 600 to 1000 nm
where the absorption coefficient of tissue is at a minimum. In addition, light scattering and
auto fluorescence are low in the NIR. This allows a significant signal with relatively low
background (6,7).
Many researchers, including ourselves, have used fluorescence imaging extensively to
assess the biodistribution of nanoparticles loaded with fluorescence-labeled drugs (8-11). It
gives an indication of global tissue accumulation patterns, which facilitates design and
optimization of the formulation. Although most of these studies quantified the
biodistribution based on the fluorescence intensity, the validation of this method in a variety
of tissues has not yet been studied systematically. Here, we investigated the biodistribution
of LCP NPs containing oligonucleotides using three different probes: 1) Texas Red labeled
oligonucleotides; 2) 3H-labeled oligonucleotides; and 3) 111In, which can form co-
precipitate with calcium phosphate, and was used as a radiotracer for the intact LCP NPs.
LCP contains an amorphous calcium phosphate precipitate core wrapped with a single lipid
bilayer with surface modification of polyethylene glycol with and without a targeting ligand
(8). The NP formulation has been successfully used to deliver siRNA (8,12) and cDNA
(unpublished results) to both solid and metastatic tumors. Our results showed a discrepancy
between the radioactivity and the fluorescence signals. Signals from 3H and 111In exhibit
very similar distribution patterns, suggesting that liver and spleen were the major
accumulation sites. However, fluorescence imaging indicated that tumor accumulation was
predominant. Furthermore, we found that the fluorescence signals in both liver and spleen
are greatly attenuated compared with those in tumor due to the intrinsic tissue absorption
and light scattering. Therefore, careful attention must be paid to the quantification and
interpretation of fluorescence imaging measurements, which could skew the data towards
the tissues with less light absorption and scattering.
MATERIALS AND METHODS
The Preparation of LCP NPs
22-mer oligonucleotides (sense sequence, 5′-CAAGG-GACTGGAAGGCTGGG-3′)
labeled with Texas Red or Cy5.5 Dye (excitation/emission wavelengths of 550/600 nm and
650/700 nm, respectively), were purchased from Sigma, Inc. 3H labeling of oligonucleotides
was prepared by hydrogen exchange with 3H2O at the C8 positions of purine
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oligonucleotides as described by Graham et al. (13). The radiolabeled compound has been
demonstrated to be stable in biological systems.
LCP NPs were prepared according to the method described previously with minor
modifications (8). Briefly, we first prepared two water-in-oil microemulsions: 1) 100 μL of
500 mM CaCl2 and 16 μL of 2 mg/mL Texas Red or 3H-labeled oligonucleotides in 8 mL
cyclohexane oil phase (71% cyclohexane with 29% Igepal CO-520 as surfactant); 2) 100 μL
of 100 mM pH 9.0 Na2HPO4 also in 8 mL cyclohexane oil phase plus 320 μL of 20 mM
dioleoylphosphatydic acid (DOPA) as the inner leaflet lipid. For 111In-loaded nanoparticles,
radioactive InCl3 (in 0.05 N HCl, PerkinElmer, Inc.) was added to the CaCl2 microemulsion,
as a sufficient amount of 0.05 N NaOH was added to the Na2HPO4 microemulsions to
neutralize the acid. After mixing the above two solutions for 45 min, 30 mL of absolute
ethanol was added to the micro-emulsion and the mixture was centrifuged at 12,500 g for 15
min to precipitate the CaP (or CaP/In) core. After being extensively washed with ethanol 2–
3 times, the pellets were dispersed in 500 μL chloroform and stored in a glass vial for
further modification. For outer leaflet lipid coating, 200 μL of 20 mM cholesterol, 200 μL
of 20 mM dioleoylphosphatidylcholine (DOPC), and 100 μL of 20 mM of 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[poly(ethylene glycol)2000] (DSPE-PEG2000) were
mixed with the core. After removal of the chloroform, the core was first suspended in small
volume of ethanol, and then dispersed in aqueous solution containing 5% dextrose.
Biodistribution Study of LCP NPs
All animal work was performed in accordance with and approved by the University of North
Carolina Institutional Animal Care and Use Committee guidelines. Athymic nude (nu/nu)
mice carrying H460 human lung cancer xenografts were used for all of the experiments.
Labeled LCP NPs at a dose of 0.25 mg/kg of oligonucleotides were intravenously injected
into the mice. Four hours later, mice were sacrificed and tissues of interest were collected
for further analysis. Fluorescent images were acquired under the IVIS Imaging System
(Xenogen Imaging Technologies, Alameda, CA) at indicated wavelengths. The amounts
of 3H-labeled oligonucleotides and 111In that accumulated in different tissues were
quantified using liquid scintillation and gamma counting, respectively.
Fluorescence Intensity Measurement in Different Tissues
Un-injected animals were euthanized and whole blood was collected using cardiac puncture.
Liver, spleen and tumor were also harvested. To measure the fluorescence intensity in whole
organs, 0.25 μg of Texas Red labeled oligonucleotides were directly injected into mouse
liver, spleen and tumor, respectively, using a Hamilton syringe. To measure the fluorescence
intensity in tissue homogenate, tissue samples were weighed and placed in homogenization
buffer (10 mM Tris pH 7.4 and 0.5% Triton X-100) at a ratio of 100 mg of tissue per mL.
100 μL of whole blood, tissue homogenate and homogenization buffer were then transferred
to a 96 well plate. Ten μL of homogenization buffer containing various amounts of Texas
Red oligonucleotides were added. The tissues and plate were then imaged using an IVIS
Imaging System as described above. The plate was also measured by a plate reader (Bioscan
Inc., Washington DC) for the fluorescence intensity to create standard curves.
To prepare the perfused liver, un-injected animals were euthanized and 3 mL of warm PBS
was perfused via portal vein through the liver to expel the blood. The perfusion rate was
kept at about 3 mL/min. Texas Red-labeled oligonucleotides (0.5 μg) were directly injected
into non-perfused liver, perfused liver and tumor, respectively. The tissues were then imaged
using Kodak In Vivo Imaging System FX Pro (Carestream Health, Woodbridge, CT) at
indicated wavelengths.
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We investigated the biodistribution of LCP NPs in tumor-bearing mice using Texas Red, 3H
and 111In labeling. 3H labeling revealed that significant accumulation of the nanoparticles
occurred in the liver (30% ID) and the spleen (15% ID), while only 5% ID was found in the
tumor (Fig. 1a). Consistent with 3H data, around 20% ID and 15% ID of 111In were found in
the liver and the spleen, respectively (Fig. 1b). Less than 5% ID was seen in the tumor. The
agreement between the label of the drug (3H-oligonucleotides) and that of the drug carrier
(111In) suggested that this biodistribution pattern may accurately represent the in vivo
behavior of LCP NPs. However, as shown in Fig. 1c, significant fluorescence signal could
be detected in the tumor, while the brightness of liver and spleen remained just above the
background level. To test whether fluorescence intensity of labeled oligonucleotides is
subjected to the microenvironment in which they reside, liver, spleen and tumor were
dissected from un-injected animals and directly injected with fluorescence-labeled
oligonucleotides. The ex vivo fluorescence imaging is shown in Fig. 2a. Minimal signals
were detected in the liver and the spleen. In contrast, tumor lit up significantly. These results
suggested that tissue components in the liver and the spleen strongly quenched the
fluorescence signal. Whole blood and tissue homogenate were then used to study the
fluorescence signal linearity and quenching effect in different organs. As Fig. 2b shows,
when equal amounts of Texas Red-labeled oligonucleotides were added, the intensities in
tumor homogenate and buffer were higher than those in whole blood, liver and spleen
homogenates. By adding 15 μl of whole blood to 100 μl of tumor homogenate, the
fluorescent signal was greatly attenuated. These results suggested that blood played an
important role in quenching Texas Red signals from tissues, which is understandable
because hemoglobin has its secondary absorption peak between 550 nm and 600 nm. And
thereby the sensitivity of Texas Red probe could be greatly hampered in blood-enriched
tissues such as liver and spleen. Using the liver perfusion technique, the role of blood
hemoglobin in quenching Texas Red signal was further elucidated. The result was shown in
Fig. 2c. As the perfused mouse liver contained less blood, when injected with the same
amount of Texas Red-labeled oligonucleotides, it emitted stronger fluorescence than the
non-perfused liver. We further demonstrated that a similar problem also existed in a NIR
probe. With equal amounts of Cy5.5 dye, the intensities in tumor homogenate and buffer
were higher than those in whole blood and liver homogenate (Fig. 3). These differences
should be taken into account in the quantitative analysis of biodistribution data. Texas Red-
labeled oligonucleotides exhibited reasonable linearity in each tissue homogenate, including
liver, spleen and tumor, but the attenuation coefficient of these tissues (the slopes of the
lines in Fig. 4) were dramatically different. While quantitative comparison in a tissue-
specific manner is valid (e.g. liver vs. liver, tumor vs. tumor), it is not appropriate to
measure the accumulated amount of the dose by comparing fluorescence intensity between
different tissues.
DISCUSSION
Fluorescence labeling of macromolecules has played a major role in biomedical research. It
is desirable because of its high sensitivity, excellent spatial and temporal resolutions, and the
capability for multimodality imaging. It extends our ability to track a particular molecular,
cellular, or even physiological event by noninvasive visualization and measurement within
the in vivo context. In spite of the many advantages offered by fluorescence imaging, it also
presents serious challenges. Issues in fluorescence imaging in tissue are auto fluorescence,
light absorption, and light scattering. NIR dyes generate less background fluorescence, since
auto fluorescence in tissues is mostly excited by near ultraviolet and blue light and emits in
the yellow range (14). Moreover, it has been demonstrated that use of red and NIR probes
increases the depth of penetration in mammalian tissues by several orders of magnitude by
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avoiding the major absorption regions of hemoglobin. However, it is note-worthy that
hemoglobin exhibits a broad absorption band. Even though the absorption of hemoglobin is
much less intense in the NIR region, its contribution (in particular, by oxyhemoglobin) to
the total light attenuation is certainly not negligible for quantitative purpose. Scattering has a
weak dependence on wavelength. It arises due to a different relative refractive index at the
boundaries between two different structures, such as the extracellular fluid and the cell
membrane. Tissues vary greatly in size, component and microstructure; they are optically
inhomogeneous. Given the larger size and increased hemoglobin content in the liver and the
spleen, it is expected that the light signal would be greatly reduced. These differences may
also be attributed to the light absorption by other tissue constituents and to light scattering
by lipid membranes and cell fragments. When using fluorescence intensity in optically
inhomogeneous samples for quantitative purposes, careful method development and
validation should be performed.
In conclusion, although fluorescence imaging confers certain advantages for convenient
biodistribution studies, it still suffers from the fact that the quantitative data from whole
organs is dramatically affected by the scattering and the absorption properties of the organ.
The fluorescence intensity detected by fluorescence imaging is not necessarily proportional
to the number of molecules present. Fluorescence imaging is very practical and informative
in initial experiments to demonstrate the whole-body distribution, unfortunately it yields
only qualitative and semi-quantitative images due to artifacts from tissue heterogeneities. To
study the biodistribution of macromolecules quantitatively, methods such as radiotracing or
mass spectrometry should be considered.
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Biodistribution of LCP nanoparticles in tumor-bearing mice detected by (a) 3H,
(b) 111Indium, and (c) fluorescence (Texas Red) signals.
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Measured fluorescence intensity of Texas Red in (a) whole organs, (b) tissue homogenate
and (c) perfused liver (excitation/emission wavelengths: 550/600 nm).
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Measured fluorescence intensity of Cy5.5 in tissue homogenate (excitation/emission
wavelengths: 650/700 nm).
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Standard curve generated by quantifying the intensities of known concentrations of
oligonucleotides (excitation/emission wavelengths: 550/600 nm).
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